Organic light emitting bistable memory devices ͑OLEBDs͒ with a dual function of organic light emitting diodes and organic memory devices were developed by using 0.5 nm thick MoO 3 as an interlayer between hole injection layer and hole transport layer. The hole transport unit with MoO 3 interlayer played a role of a memory unit as well as a hole transport unit. High on/off ratio over 1000 was obtained at a reading voltage of 1 V and driving voltage was lowered by MoO 3 . In addition, two different luminances were obtained at the same driving voltage by changing writing voltage of OLEBDs.
Organic bistable memory devices ͑OBDs͒ have been studied intensively due to their merits of simple device structure, simple fabrication process, and design versatility. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] They can be fabricated into a fully flexible shape and merged into flexible electronic systems. 1 There have been many studies about OBDs and most of works were focused on developing OBDs with a high on/off ratio and a long-term stability. Metal nanoparticles ͑NPs͒ were found to be effective to get stable memory characteristics and many different metal NPs were reported to improve the memory performances of OBDs. [2] [3] [4] [5] [6] [7] [8] [9] Pure organic memory devices without metal NPs were also studied and a molecularly doped organic system could play a role of OBDs. [10] [11] [12] [13] [14] [15] [16] Some polymers such as polyfluorene and polyphenylenevinylene ͑PPV͒ could work as an active material in OBDs. 15, 16 However, memory performances were not as good as those of metal NP based OBDs.
In addition to OBDs, an OBD with a dual function of memory and light-emitting devices was introduced by Tseng et al. 17 It had a light-emitting unit interfaced with OBD unit containing Au NPs and it could function as a memory device as well as a light emitting device. However, light-emitting performances were not good enough as a light-emitting device because organic memory unit was not effective as a charge transport unit. Other than this, PPV based organic light emitting diodes ͑OLEDs͒ showed bistable memory performances 15 and common OLEDs also exhibited bistability even though detailed mechanism for the bistability was not clarified. 18, 19 In this work, organic light emitting bistable memory devices ͑OLEBDs͒ with a dual function of a nonvolatile memory and light-emitting devices were developed by using MoO 3 as an interlayer between a hole injection layer ͑HIL͒ and a hole transport layer ͑HTL͒. Device performances of OLEBDs were investigated both as a memory device and light-emitting devices.
A device configuration for the OLEBDs was indium tin oxide ͑150 nm͒/N , NЈ-diphenyl-N , NЈ-bis-͓4-͑phenyl-mtolyl-amino͒-phenyl͔-biphenyl −4 , 4Ј-diamine ͑DNTPD, 60 nm͒/MoO 3 ͑x nm͒/N, N'-di͑1-naphthyl͒-N,N'-diphenylbenzidine ͑NPB, 30 nm͒/ tris͑8-hydroxyquinoline͒ aluminum ͑Alq 3 , 20 nm͒/LiF͑1 nm͒/Al͑200 nm͒. Thickness of MoO 3 was 0 and 0.5 nm. DNTPD was a HIL and NPB was used as a HTL. Alq 3 was an emitting material as well as an electron transport material. All organic materials were deposited at a deposition rate of 1 Å / s and MoO 3 was evaporated at a evaporation rate of 0.1 Å / s. Morphology of MoO 3 on DNTPD was observed with transmission electron microscope ͑TEM͒ ͑Jeol͒ and current-voltage-luminance ͑I-V-L͒ characteristics of the devices were measured with Keithley 2400 source measurement unit and PR 650 spectrophotometer.
The merit of using OLEBDs is that we can obtain different luminances at the same voltage. In general, the luminance is controlled by a thin film transistor, but it can be managed by just changing the writing voltage of bistable light emitting devices. Therefore, it is possible to fabricate self-driven OLEDs using OLEBDs without any driving circuit. In addition, driving voltage can be lowered because high luminance can be obtained at the same voltage after switching on the device.
MoO 3 has been known to form a charge transfer ͑CT͒ complex with aromatic amine materials and it could be used as a p-type dopant in OLEDs. 20 It can also be used as an inorganic NP to trap charges in organic matrix and can induce a bistable current level in OBDs. 21 Therefore, MoO 3 interlayer can act as an active layer for OBDs and a HTL in OLEDs.
A uniform dispersion of NPs in organic matrix is important to get good performances as OBDs and OLEDs because aggregation of NPs may lead to unstable device performances and a poor reproducibility. Therefore, the morphology of MoO 3 interlayer on DNTPD was investigated. Figure  1 shows a TEM picture of MoO 3 deposited on the DNTPD layer. MoO 3 was uniformly dispersed on the DNTPD layer and the particle size of MoO 3 was ranged from 10 to 100 nm with an average particle size of 80 nm. No extensive aggregation of NPs was observed and the morphology was quite stable even after several weeks. Compared with the standard device, 0.5 nm thick MoO 3 interlayer device showed memory characteristics during forward and reverse scans. A low conductivity state ͑LCS͒ was observed from 0 to 2.3 V in forward scan and a sharp increase of current level from 10 −7 order to 10 −4 A order was detected at a turn-on voltage of 2.3 V. The LCS was changed into high conductance state ͑HCS͒ at 2.3 V. The HCS was maintained during reverse scan and a high current was obtained between 0 and 2.3 V. There was a large difference of current level between the LCS and the HCS in 0.5 nm thick MoO 3 device and the on/off ratio was 1000. In the reverse scan of memory devices, the HCS was stable up to −2.2 V and the current level abruptly decreased from −2.3 V. The low current level in reverse voltage corresponds to the LCS of OBDs and the on/off cycle could be stably operated many times. A write and erase voltage could be set to 4 and −4 V, respectively, and the on/off ratio at a reading voltage of 1 V was 1000 in 0.5 nm thick MoO 3 devices. Negative differential resistance ͑NDR͒ region was clearly observed in 0.5 nm thick MoO 3 devices with a peak to valley ratio of 6. A similar NDR behavior was reported in metal NP based organic memory devices 3 and metal-insulator-metal structures. 22 A charge storage mechanism was proposed by Simmons and Verderber about the NDR behavior 22 and it was confirmed by Bozano et al. in their metal NP embedded OBDs. 3 The MoO 3 interlayer device showed similar NDR curves of metal NP embedded OBDs and the NDR can be interpreted based on Simmons and Verderber ͑SV͒ model. 22 The SV model explains the NDR behavior of memory devices based on charge trapping and detrapping by a charge trapping center during forward and reverse scans. MoO 3 plays a role of charge trapping center in this work and similar I-V curves were obtained. It was reported that NPB formed a CT complex with MoO 3 , 20 but DNTPD did not form a CT complex with MoO 3 in our experiment, as shown in Fig. 2 . Therefore, a CT complex of NPB and MoO 3 is partially generated at the interface between DNTPD and NPB, while some MoO 3 may exist as a free NP dispersed at the interface. The free MoO 3 NP can play a role of charge traps at the interface and the NDR behavior can be induced according to SV model.
The mechanism for charge injection and transport in HCS and the LCS was investigated and log-log plot of current and voltage is shown in inset of Fig. 2 . Log ͑I͒ and log ͑V͒ showed a linear relationship at HCS and LCS, indicating that a space charge limited current mechanism dominates current injection in MoO 3 interlayer devices. 19 This result implies that MoO 3 played a role of charge trap and the space charge formation by charge trapping determined current transport behavior in MoO 3 interlayer devices. Some MoO 3 NPs, which does not form a CT complex with NPB, may trap charges and induces the space charge limited current behavior.
Switching performances of 0.5 nm thick MoO 3 OLEBDs were evaluated by repeating write-read-erase-read cycles and they were recorded in Fig. 3 . Read voltage was 1 V, while write and erase voltage was 4 and −4 V, respectively. There was little change of the HCS and the LCS current level during multicycle switching test and it was quite stable. Current level was increased by more than 1000 times by applying a write voltage of 4 V and then it was dropped to LCS by applying an erase voltage of −4 V.
OLED performances of OLEBDs were also measured according to MoO 3 thickness and they are shown in Fig. 4 . MoO 3 interlayer OLEBDs showed a much higher current density than standard devices due to p-doping effect of MoO 3 . 20 A high current density was obtained in the 0.5 nm thick MoO 3 interlayer device and driving voltage was 7.2 V at 1000 cd/ m 2 . The decrease of a driving voltage in the MoO 3 interlayer device can be explained by a p-doping effect of MoO 3 with aromatic amine materials. An Ohmic contact behavior of MoO 3 doped HTL was reported and high conductivity could be observed. 23 Therefore, MoO 3 interlayer can also have a partial p-doping effect at the interface between DNTPD and NPB and facilitate hole injection from DNTPD and NPB. The p-doping effect is efficient in 0.5 nm thick MoO 3 device because of interfacial contact between MoO 3 and NPB, as seen in the TEM data of Fig. 1 . There was 0.8 V decrease of a driving voltage in the 0.5 nm thick MoO 3 device. Therefore, 0.5 nm thick MoO 3 interlayer contributed to the low driving voltage as well as good memory performances in OLEBDs. In addition, different luminances were obtained in OLEBDs depending on the writing voltage of OLEBDs. As can be seen in Fig. 4 , luminance of OLEBD after switching on at 4 V was higher than that of OLEBD before switching from 2.5 to 4 V and turn-on voltage was lowered from 3.0 to 2.5 V. Therefore, two different luminance states can be obtained by using OLEBD due to bistable memory behavior and it can be expected that selfdriven OLEDs can be developed by optimization and extension of this technology.
In summary, OLEBDs with both OLED and OBD functions could be fabricated by inserting 0.5 nm thick MoO 3 layer between HIL and HTL. MoO 3 interlayer was effective to get a low driving voltage in OLEDs by lowering interfacial energy barrier and a high on/off ratio over 1000 could be obtained in OLEBDs with MoO 3 interlayer. In addition, two different luminance state could be obtained by changing the writing voltage of OLEBDs and it can be expected that selfdriven OLEDs can be fabricated by extending and further optimizing OLEBD device structures. 
